Chemicals that increase the degradation of haem and haemoproteins in the liver of the experimental animal in oivo include carbon tetrachloride (Levin et al., 1972) , 2-allyl-2-isopropylacetamide (De Matteis, 1971 ; Meyer & Marver, 1971 ) and other allylcontaining barbiturates and acetamides (Abbritti & De Matteis, 1971; Levin et al., 1973) , 3,5-diethoxycarbonyl-l ,4-dihydrocollidine (Abbritti & De Matteis, 1973) and certain metals, like iron (De Matteis, 1976) , lead (Penning & Scoppa, 1975) and cobalt (De Matteis & Gibbs, 1976) . In this paper the action of two of these agents, CoCI, and 2-allyl-2-isopropylacetamide, will be considered in some detail as their effects illustrate two different mechanisms of accelerated liver haem degradation, one involving the normal pathway of breakdown of haem to bile pigments, the other an abnormal pathway leading to the accumulation in the liver of unusual green pigments.
5-Amino[4-'"C]laevulinate is a specific precursor of haem and its radioactivity, when lost from haem on degradation, cannot be reused for new haem synthesis. In the experiments described in Table 1 , rats were therefore given a single intraperitoneal injection of '"C-labelled 5-aminolaevulinate and either 2 or 17.5 h later, when the incorporation of the label into liver haem was essentially complete, they were treated with either 2-allyl-2-isopropylacetamide or CoCI2 and the liver radioactivity was followed to assess the effect of these chemicals on liver haem degradation. 2-Allyl-2-isopropylacetamide caused a loss of radioactivity from liver haem within 1 h of treatment and the radioactivity lost from haem accumulated in the liver. In contrast, with CoCI, a loss of haem radioactivity, as compared with the appropriate controls, was only observed 24h after treatment (not at 3 h or 7.5 h), and this was not accompanied by the accumulation in the liver of radioactivity in a non-haem form.
Loss ojliver haem caused by 2-allyl-2-isopropylacetamide by the conversion of haem into unidentified green pigments
In previous work with 2-allyl-2-isopropylacetamide (De Matteis, 1971) it was shown that the loss of radioactivity from prelabelled liver haem was accompanied by a characteristic green discoloration of the whole liver (particularly intense in its microsomal fraction) due to the accumulation of certain unidentified green pigments, originally described by Schwartz & Ikeda (1955) . Both the destruction of haem and the production of green pigments were increased by pretreating the rats with phenobarbitone before administration of 2-allyl-2-isopropylacetamide. In this present work green pigments were therefore produced in vivo by administering a single subcutaneous dose of 2-allyl-2-isopropylacetamide (400mg/kg body wt.) to phenobarbitone-pretreated rats and killing them 1 h latei. The pigments were separated from haem by two techniques (Unseld & De Matteis, 1976) and characterized by fluorescence and absorption spectroscopy. Their relationship to preformed heam was investigated by studies involving either 5-amino[4-"T]laevulinate or 59Fe given 2 h and 17 h before 2-allyl-2-isopropylacetamide respectively.
The first technique involved extraction of the liver microsomal fraction with 10% (v/v) acetic acid in acetone followed by column chromatography of the extract on 3-dibutylamino-2-hydroxypropyl-Sephadex LH-20 in the acetate form, a gel with anion-exchange properties (Alme & Nystrom, 1971) . The microsomal extract from treated rats showed, in addition to the normal band of haem, a more rapidly eluted band, which was green. Both bands exhibited a strong absorption around 400nm, but neither of them exhibited red fluorescence when excited at around 400nm. In experiments in which the liver haem in 0.9 % NaCl. Control rats received 0.9 % NaCl alone. At different times after treatment the rats were killed and their liver homogenates assayed for total radioactivity, and also for the radioactivity recovered in the crystalline haem isolated from them after addition of carrier. All rats were starved for 24h before receiving of at least three observations. P values are for comparisons with corresponding 0.9 %-NaC1-treated controls.
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Time of killing The green pigments could also be separated from haem by t.1.c. of a chloroform extract from the whole liver after methylation with methanol/HzS04. In this system treatment with 2-allyl-24sopropylacetamide resulted in the appearance of several green bands, all of which showed red fluorescence under U.V. light. The most intense of these bands, when extracted into chloroform, exhibited a visible spectrum of an aetio-type with absorption maxima shifted towards the red (as compared with those of protoporphyrin), similar to the findings reported for porphyrins bearing electron-withdrawing substituents in their 2 and 4 positions (Falk, 1964) . Similar spectral data have been obtained by A.F. McDonagh (personal communication) for green pigments extracted with 7.5hi-HC1. In experiments involving prelabelling of liver haem with 5-amino [4-14C]laevulinate, at lesat 60% of the total non-haem radioactivity of the liver from treated rats could be recovered in pigments with a porphyrin-like spectrum after t.1.c. In contrast, the 59Fe radioactivity recovered in association with these green bands was relatively small and unlike their I4C radioactivity could be very markedly decreased by subjecting the pigments to a second chromatographic run.
Therefore red fluorescence, an aetio-type spectrum and loss of 59Fe labelling, all properties compatible with non-metallo porphyrins, were only seen when the green pigments were obtained by t.1.c. after methylation, a technique that involved treatment with strong acid; they were not seen in the green pigments isolated by the relatively mild procedure of column chromatography, unless they were subsequently subjected to treatment with strong acid (Unseld & De Matteis, 1976 ). This suggests the following relationship between the two types of green pigments and haem: It is possible that 2-allyl-2-isopropylacetamide modifies the structure of haem, producing a derivative closely related to the column pigment in which iron is still present, but less tightly bound than in haem so that it can be lost on treatment with strong acids giving rise to the modified porphyrins seen after t.1.c. It can also be concluded from these findings that the bulk of the derivatives of haem produced by the action of 2-allyl-2-isopropylacetamide still retain the closed tetrapyrrolic structure. On the other hand, Landaw et al. (1970) reported that 2-allyl-2-isopropylacetamide-treated rats given [2-"C]glycine exhaled strongly labelled CO, which might be expected to be produced from the cleavage of any of the four methine bridges of haem. This may indicate that a small proportion of the haem that is attacked by 2-allyl-2-isopropylacetamide may in the process undergo cleavage or, alternatively, that opening of the ring does not take place during conversion of haem into green pigments, but at a later stage during their further metabolism.
Accelerated conversion of liver haem into bilirubin by a delayed eflect after treatment of rats with CoCl2
De Matteis & Gibbs (1976) have shown that the effects of cobalt on liver haem metabolism are complex and time-dependent. After a single dose of CoCl, there was a rapid inhibition of 5-aminolaevulinate synthetase (see also Nakamura et al., 1975); this was followed (starting from about 3h) by a stimulation of haem oxygenase, an effect already reported by Maines & Kappas (1974 , 1975 . By administering 5-amino-[4~~~C]laevulinate to rats evidence was obtained that 1 h after cobalt treatment there was a marked inhibition of the rate of liver haem synthesis, with diversion of 5-amino-[4-14C]laevulinate into a relatively stable liver pool different from haem, and this was VOl. 4 BIOCHEMICAL SOCIETY TRANSACTIONS Table 2 . Excretion of bilirubin in the bile and radioactivity from 5-amin0[4-~~C]laevulinate excreted in the bile as bilirubin or recovered in the liver at the end of the bile-duct cannulation experiment in cobalt-treated rats and in controls Male rats were injected with CoClZ,6HzO (60mg/kg body wt.) subcutaneously and 17h later their bile duct was cannulated. 5-Amin0[4-~~C]laevulinate (2pCi, 37.7 nmol per rat) was injected intravenously and bile collected for 390 min. All rats were starved for 24h before injection of the isotope. Results given are means+s.E.M. of three observations or means with individual observations in parenthesis. The data are from
De Matteis & Gibbs (1976 followed later by an increase in the rate of liver haem degradation (De Matteis & Gibbs, 1976) .
The results obtained 17 h after cobalt treatment, when the picture is clearly dominated by the accelerated haem degradation, are summarized in Table 2 . Significantly more bilirubin was excreted in the bile of treated rats than in that of control rats. In treated rats more radioactivity from 5-arnin0[4-'~C]laevulinate could be recovered in the bile as bilirubin, especially in the first 7Omin, and less remained in the liver at the end of the bile-duct cannulation experiment. These results clearly indicate that cobalt not only stimulates the activity of haem oxygenase as assayed with liver preparations in vitro, but also accelerates the conversion of liver haem into bilirubin in the whole animal in vivo.
After cobalt treatment a loss of radioactivity was also found from haem prelabelled by giving 5-amino[4-'*C]laevulinate either 2h or 17h before CoCI, (Table 1) . Since under these experimental conditions most of the haem radioactivity would be expected to be present in the liver haemoproteins, this finding suggests that cobalt, by stimulating haem oxygenase, may accelerate the turnover of newly synthesized free haem, and also that of haemoproteins, particularly cytochrome P-450.
The mechanism by which cobalt stimulates haem oxygenase is not known. Under other experimental conditions, which lead to a stimulation of the enzyme, a loss of cytochrome P-450 haem has been reported to precede the stimulation of haem oxygenase (Bissell et al., 1974) , suggesting that the loss of haem may in some way be responsible for the increased activity of the enzyme, perhaps by generating more of the free apoprotein of cytochrome P-450 as a catalytic centre for haem oxidation (Schmid & McDonagh, 1975 ). This is not likely to be the case after cobalt treatment as loss of haem radioactivity was found to follow the stimulation of the enzyme. Before the stimulation of haem oxygenase, cobalt causes the accumulation in the liver of a relatively stable compound that can be labelled with 5-amin0[4-'~C]laevulinate and has solubility properties similar to those of cobalt-protoporphyrin (De Matteis & Gibbs, 1976) . There is chemical and biochemical evidence (A. H. Jackson & J. R. Jackson, unpublished work quoted in Jackson, 1974; Schacter L Waterman, 1974 ) that cobalt-protoporphyrin is not readily broken down to bile pigments and it is therefore possible that the accumulation of this haem-like compound in the liver cell may provide an effective and sustained stimulus for the induction of haem oxygenase.
